Abstract. With the development of nanotechnologies, the number of industrial processes dealing with the production of nanostructures or nano-objects is in constant progress (microelectronics, metallurgy…). Thus, knowledge of atom mobility and the understanding of atom redistribution in nano-objects and during their fabrication have become subjects of increasing importance, since they are key parameters to control nano-fabrication. Especially, today's materials can be both composed of nano-objects as clusters or decorated defects…, and contain a large number of interfaces as in nanometer-thick film stacking and buried nano-wires or nano-islands. Atom redistribution in this type of materials is quite complex due to the combination of different effects, such as composition and stress, and is still not very well known due to experimental issues. For example, it has been shown that atomic transport in nanocrystalline layers can be several orders of magnitude faster than in microcrystalline layers, though the reason for this mobility increase is still under debate. Effective diffusion in nanocrystalline layers is expected to be highly dependent on interface and grain boundary (GB) diffusion, as well as triple junction diffusion. However, experimental measurements of diffusion coefficients in nano-grains, nano-grain boundaries, triple junctions, and interfaces, as well as investigations concerning diffusion mechanisms, and defect formation and mobility in these different diffusion paths are today still needed, in order to give a complete picture of nano-diffusion and nano-size effects upon atom transport. In this paper, we present recent studies dealing with diffusion in nano-crystalline materials using original simulations combined with usual 1D composition profile measurements, or using the particular abilities of atom probe tomography (APT) to experimentally characterize interfaces. We present techniques allowing for the simultaneous measurement of grain and GB diffusion coefficients in polycrystals, as well as the measurement of nano-grain lattice diffusion and triple junction diffusion. We also show that laserassisted APT microscopy is the ideal tool to study interface diffusion and nano-diffusion in nanostructures, since it allows the determination of 1D, 2D and 3D atomic distributions that can be analyzed using diffusion analytical solutions or numerical simulation.
Introduction
Usually, the measurement of atom diffusion coefficients in a given matrix is performed by measuring the concentration profile of the impurity in the bulk of the matrix i) before annealing, and ii) after controlled annealing (atmosphere, time, and temperature). Then, the diffusion coefficient can be obtained by fitting the profile measured after the thermal treatment either using analytical solutions of the diffusion equation [1] or using numerical simulations [2] , considering the experimental profile obtained before annealing as the initial impurity distribution. Despite that analytical solutions provide exact results over a short time scale, their use is generally limited to experiments of reduced complexity (at thermodynamic equilibrium, with constant diffusion coefficients…). For example, the measurement of the diffusion coefficient of impurities in monocrystalline Si layers is often performed via numerical simulations, due to the complexity of the diffusion mechanisms (simultaneous use of interstitial and vacancy mediated mechanisms using point defects of various charge states, diffusion coefficient dependence of impurity concentration, transient diffusion out of equilibrium…) [3] [4] [5] . Furthermore, one-dimensional (1D) numerical simulations can be used to measure diffusion coefficients, and once these coefficients are known, two-dimensional (2D) simulations can be used to simulate atom diffusion in complex structures as in transistors during fabrication processes [6] . However, despite that diffusion in polycrystals is frequently simulated using finite element simulations (FES) [7] [8] , the measurement of diffusion coefficients in polycrystalline samples has been principally performed so far with analytical solutions of given diffusion problems [1, 9] . The model used the most is the 2D Fisher model [1] considering a diffusion source (finite or constant) on the surface of the sample that is modeled by a single grain boundary (GB) perpendicular to the surface between the two half-of-a-grain, with different constant diffusion coefficients in the GB and in the grain volume. With the solutions of this model, the GB diffusion coefficient can be measured from the 1D diffusion profiles obtained in semi-infinite samples for experiments in the Harrison's regime B, if the lattice diffusion coefficient (in grains) has been previously measured in the single crystal [1] . However, we show in this paper that the use of FES to measure diffusion coefficients in polycrystals can provide important benefits compared to the usual methods. For example, GB and grain diffusion coefficients can be measured simultaneously in thin films (finite thickness), without requiring the precise knowledge of the diffusion kinetic regime (A, B or C from Harrison), for experimental geometries of higher complexity than the Fisher model. Furthermore, FES can allow the measurement of diffusion coefficients in the bulk of nanometric grains and in triple junctions (TJ). In addition, we show that atom probe tomography (APT) microscopy combined with FES or simulations using analytical solutions can be of great use to investigate atom mobility at interfaces, GBs, and TJs.
Measurement of diffusion coefficients in polycrystalline films using FES
2D simulations: the Fisher model. In order to simulate diffusion in polycrystals taking into account the microstructure influence as grain size, GB geometry, etc. it is necessary to use a model with a 2D geometry. For example, let's consider the 2D Fisher geometry but for a film of finite size. 
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1D concentration profiles measured experimentally in a sample results from the average concentration versus depth of the two atom distributions in grains and in GBs balanced by the respective size of grains and GBs. The procedure allowing to measure the lattice and the GB diffusion coefficients in the film consists then in i) defining in the 2D model the initial distribution in grains and GBs before annealing using 1D measurements (Fig. 1a) , ii) performing 2D simulations using the experimental annealing conditions as time and temperature (Fig. 1b) , iii) using the 2D simulation results to define the corresponding 1D profile (Fig. 2a) , iv) comparing this profile to the 1D profile measured in the sample after annealing (Fig. 2b) , and v) adjusting the diffusion coefficients in the model for a new simulation in order to fit as well as possible the experimental profile with the simulated profile. In the case of implanted samples, we usually consider that the distribution of implanted atoms is identical in grains and GBs. Thus, the 1D as-implanted experimental profile is entered in the 2D Fisher geometry in grains and in GBs to define the initial 2D distribution as presented in Fig. 1a .
For the results presented in Figs. 1 and 2, we consider the Fisher geometry with an averaged grain width of 40 nm and a GB width of 0.5 nm on the y axis, and a layer having a thickness of 500 nm on the x axis. We found that this procedure using the 2D Fisher geometry allows to determine simultaneously the diffusion coefficients in grains and GBs, since these two coefficients do not affect the diffusion profile in the same way, the first part of the profile (close to the surface) being strongly dependent upon lattice diffusion, and the second part (deeper in the sample) being strongly dependent on GB diffusion [9] [10] [11] . The measurement error upon diffusion coefficients using this technique is generally comprised between 10 to 20%. This method presents several benefits: i) the GB diffusion coefficient (D gb ) can be measured without knowledge of the lattice diffusion coefficient (D g ), ii) it is not necessary to perform the measurements strictly in the kinetic regime B, ii) the lattice diffusion coefficient can be measured for very small diffusion lengths (few nanometers), allowing to determine the diffusion coefficient at lower temperatures than in single crystals. 2D simulations: complex geometries and complex systems. The use of FES allows to solve diffusion equations in the case of more complex problems compare to the use of diffusion equation solutions. This is especially useful for the simulations of industrial processes. For example, a first complication corresponds to the diffusion of a diluted impurity following the Fick equations of diffusion but in a sample exhibiting geometry more complex than the Fisher geometry. In this case, D g and D gb cannot always be measured simultaneously. The control of the Si dopant distribution in silicides is very important in the microelectronic fabrication processes as the electrical properties of the contact on devices can be significantly modified by dopant segregation or diffusion [12] [13] [14] . The
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thickness of silicide layers is about tens of nanometers for current devices. Figure 3a presents a cross-section TEM image of a poly-Ni 2 Si film encapsulated between two layers of Si oxide acting as diffusion barriers. In order to study As diffusion in this layer, As atoms have been implanted in the silicide (5 × 10 15 at cm −2 at 120 keV). It is interesting to note that for this sample the Fisher model needed to be modified in order to take into account As diffusion at the Ni 2 Si/SiO 2 interfaces ( fig. 3b ). Using the model presented in Fig. 3b and thanks to the procedure described earlier, we were able to measure the diffusion coefficients of As in the bulk of grains, as well as in the GBs [15] [16] . Figure 4a presents the fit of experimental profiles measured by secondary ion mass spectrometry (SIMS) after annealing at 650°C for 1, 4, and 16 hours. In this example, the lattice and GB diffusion coefficients were obtained simultaneously despite the effect of the Ni 2 Si/SiO 2 interfaces. It is interesting to note that As lattice diffusion coefficients were measured over very small diffusion lengths. The fit of the three profiles presented in Fig. 4 showing that point defects in the layer were at equilibrium during annealing. Furthermore, the coefficient measured after 1h of annealing corresponds to a diffusion length in the grains of ~ 7 nm. If we had used the SIMS technique to measure As diffusion in a single crystal we could never study such a small penetration depth since it is close to the SIMS technique resolution. It is possible in our case because in regime B a very small diffusion depth between the grains and the GBs has a huge impact on the GBs diffusion profile. The coefficients measured after annealing for 4 and 16 hours correspond to diffusion lengths of ~ 18 and 36 nm, respectively. This confirms that the technique proposed in this paper gives relevant measurements even at low temperature for nanometer-scale diffusion lengths. In certain cases, the microstructure of the sample can be even more complex, especially when it varies with time during thermal annealing. This is for example the case when atom redistribution takes place during GB migration. During annealing of poly-crystals, grains can grow and thus GBs can move. We usually do our best to perform diffusion experiments in conditions avoiding grain growth. However, diffusivities are often extracted from reactive diffusion experiments (oxide and silicide growth [17] for example) in order to understand phases' growth and to predict their kinetics during industrial fabrication processes (Salicide process in microelectronics for example). It is thus interesting, in some cases, to study atomic transport in GBs during grain growth, and to measure an effective diffusion coefficient. Fig. 5 However, v gb can be measured using in situ X-ray diffraction for example [11] , D g can be measured individually as usual [19] [20] , and both introduced into the 2D model. Thus, an effective D gb related to grain growth can be extracted from experiments. The results presented in Fig. 5 correspond to 1D Fig. 5 ), the diffusion profile resembles a profile corresponding to diffusion through a single phase [1] , and could be misinterpreted as resulting from pure lattice diffusion, or diffusion in the kinetics regimes A or C [21] . If 1% of the grains are growing (f gr = 0.01), the diffusion profile is superimposed on the profile corresponding to the non-growing 50 nm-wide grains. The effect of grain growth is not detectable on the diffusion profile. However, if 10% of the grains are growing (f gr = 0.1), the grain growth effect on the profile is not negligible anymore. The modification may mislead the experimentalist that can interpret the first part of the profile, including the grain-growth related change, as resulting from lattice diffusion in grains, leading to the overestimation of D g . One can note that in these simulations, the maximum depth of the first part of the profile is less than 20 nm, which is smaller than the critical length 5×√(D g t) (= 42 nm in our case) usually considered in analytical solutions as the maximum depth on experimental profiles that can reach atoms diffusing in grains. Deeper in the sample, the slopes of all the profiles are identical to the slope of the profiles of 50 and 100 nm-wide non-growing grains (except if f gr = 1), indicating that the same diffusion coefficient can be extracted from the profile slopes using an analytical solution of the Fisher model [1] . Figure 6 presents the variations of the diffusion profile in function of the grain growth rate v gb . If the grains are not growing during the entire annealing time (v gb > 0.014 nm s −1 ), the profile looks like to result from diffusion through a polycrystal in the kinetic regime B. However, it is not superimposed on either the profiles of 50 or 100 nm-wide non-growing grains. Similar to the case of growing grains during the entire annealing time, it exhibits a modified zone having a depth less than 20 nm. If v gb is fast, as presented in Fig. 6 for v gb = 7 nm s −1 , the grains reach a lateral size of 100 nm faster, and the deep part of the profile tends to get superimposed to the profile related to diffusion in a polycrystal of constant 100 nm-wide grains. Indeed, for fast growth rates, the grains reach a lateral size of 100 nm very rapidly, thus during the main part of the thermal treatment, the impurity diffuses in a rigid geometry with 100 nm-wide grains. Otherwise, if the grain growth rate is fast enough for the grains to reach their final size (100 nm) before the end of the thermal treatment, but slow enough for the impurity to mainly diffuse when GBs are moving, the slope of the concentration profile is different than the slope obtained in the case of immobile GBs. Thus, this slope cannot be used to extract the GB diffusion coefficient using the usual analytical solutions of diffusion [1] . In general, the slope obtained when GBs are mobile is steeper than in the case of immobile GBs. 
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In addition to geometry (or microstructure) complexity, FES can allow to extract diffusion coefficients from experimental profiles in case of impurity diffusion following more complex laws than the usual Fick's laws. For example, Fig. 7 presents simulation results concerning the diffusion of B in a 250 nm-thick Si polycrystalline film made of 50 nm-wide grains. The Si Fermi level varies with the concentration of dopant impurities as B, Ga, Al, P, As, Sb, Bi…The variation of the Fermi level generates a variation of the concentration of charged point defects. As a consequence, dopant diffusion in Si may vary with dopant concentration [22] . In addition, when dopants are activated, they are ionized and occupy substitutional sites in the Si lattice. Because the electron diffusion is faster than ion diffusion, and that electron diffusion driving forces are different from ion diffusion driving forces, the electron distribution resulting from dopant activation and the dopant distribution can create an internal electric field that can influence dopant diffusion, and varies with dopant concentration [22] . Fig. 7 . Results of 2D FES concerning B diffusion in a 250 nm-thick poly-Si film using the Fisher geometry (50 nm grains) without considering the effects of charged point defects, with the charged point defect effects and considering both charged point defects as well as GB segregation with a segregation coefficient s = 5.
If point defect concentrations are at thermodynamically equilibrium, the dopant diffusion flux (J) in the Si grains can be written:
with h the factor related to the internal electric field effect, D g the lattice diffusion coefficient, x the (1D) diffusion direction and C the dopant concentration in the grains. If all the mobile dopants are ionized:
n i is the electron concentration in intrinsic Si (undoped) at the considered temperature. In Si it varies with temperature as: 
For p-type dopants as B, the diffusion coefficient D g can be written as:
D 0 is the dopant diffusion coefficient related to uncharged point defects, D 1+ is the diffusion coefficient related to point defects with a single positive charge, and D 2+ corresponds to the diffusion coefficient related to point defects with a double positive charge. In doped Si np = n i 2 , and because of charge equilibrium N D + + p = N A − + n, with n and p the concentrations of electrons and holes, respectively, and N D + and N A − the concentration of activated p-type and n-type dopants, respectively. For a single p-type dopant in Si, p is related to the dopant concentration following:
(5)
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In GBs these electrical effects (charged point defects and internal electric field) are not considered since usually dopants in GBs do not participate in Si doping, and cannot be associated with the bulk Fermi level of Si. Furthermore, dopant diffusion in GBs has been shown to follow the usual Fick's laws [10, 19] . The simulations taking into account the electrical effects during B diffusion in polySi presented in Fig. 7 (solid squares) were performed using Eqs. (1) However, using the same multi-parameter model to fit profiles obtained in different treatment conditions (different kinetic regimes) can allow to determine all the parameters one by one in each specific experimental conditions in which some of the parameters have a negligible influence upon the redistribution profile. For example, Fig. 8 shows the influence of B clusters upon P diffusion in polycrystalline Si [11] . Initially, the P distribution in the poly-Si film is almost homogeneous, however, during annealing P atoms diffuse toward B clusters against the P concentration gradient. P atoms gather underneath the Gaussian distribution of B clusters, and form also a Gaussian distribution. This P uphill diffusion can be simulated by taking into account the chemical interactions between P and B atoms, expressing the P chemical potential as a function of the B concentration. Considering that the system is a regular ternary solution containing Si, B and P atoms, and that X Si → 1 and (1 + X B ) ~ 1 in our case, the chemical potential of the P atoms (µ P ) can be expressed as:
with ( ) 
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X i is the atomic ratio of the element i in the solution, and ε ij < 0 is the pair interaction energy of the two elements i and j. V ij describes the nature of the interactions between the elements i and j: if V ij > 0 the interactions are repulsive, if V ij < 0 the interactions are attractive. The first term in Eq. (6) corresponds to the usual diffusion driving force in the Fick equations [2] , while the two other terms can be used for the definition of an extra driving force using the Nernst Einstein equation [2] . The flux of P atoms is then expressed as:
C P is the P concentration and D P is the diffusion coefficient of P. Eq. (8) can be used to simulate P diffusion in the poly-Si matrix during annealing [11] . The simulation presented in Fig. 8 at 800°C was performed in two dimensions following the Fisher model [18] , and considering a constant B distribution as observed experimentally (solid squares in Fig. 8 ). The simulation model contains 5 parameters: i) the lateral size of the grains (l), ii) the lateral size of the GBs (δ), iii) the P diffusion coefficient in the Si grains (D g ), iv) the P diffusion coefficient in GBs (D gb ), and v) the parameter ∆V that is related to the P-B interactions. These parameters cannot be extracted simultaneously from the experimental SIMS profiles. However, several of them are actually known from measurements in the studied samples (microstructure) or from the literature. Thus, four parameters over five could be set in the simulations presented in Fig. 8 : l = 50 nm, δ = 0. (8) could be used to describe diffusion only in the grains, using the conventional Fick equation in GBs, and vice versa. The case of diffusion in grains only or in GBs only could also be investigated, and the effect of different combinations of diffusion coefficient values was studied. These investigations shown that, in our experimental conditions, P must diffuse in the grains in order to fit the experimental profile, leading to the conclusion that P diffusion uses the type B kinetics regime at 800°C in poly-Si. Furthermore, if the P-B interaction is taken into account in GBs only and not in grains, there is not enough matter in the GBs in order to fit the experimental profile, meaning that the chemical attraction between P and B atoms has to be effective both in the grains and in the GBs to match the experimental results.
3D simulations.
In nanocrystalline films, the contribution of TJs to the effective diffusion of impurities through the layer can be large, and consequently TJ diffusion coefficients need to be measured in order to predict nanocrystalline materials aging. To this aim, we proposed to use a similar method as described before, but using a 3D geometry able to consider grain, GB, and TJ diffusion paths [9, 25] . Contrasting with the 2D simulations, the diffusion coefficients in the three different paths cannot be measured simultaneously using 3D simulations. However, if the GB diffusion coefficient is known, then the diffusion coefficients in grains and TJs can be measured simultaneously. In order to minimize the calculation time, the 3D geometry of the model needs to be as reduced as possible using the different symmetries of the structure. Figure 9a presents the top view of the reduced 3D geometry used to model a polycrystalline layer made of squared grains in the plan xy. Figure 9b presents the 3D geometry with a Gaussian atom distribution before annealing, and the 3D result after annealing simulation. In this case, the grain width is 40 nm and the film thickness is 500 nm.
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Fig . 9 . Geometry used for 3D simulations taking into account lattice, GB, and TJ diffusion paths: (a) top view, and (b) 3D view before and after annealing simulation.
Diffusion in nanocrystalline materials has been shown in several examples to be faster than in microcrystalline materials [26] [27] . However, the reason for this diffusion enhancement is still under debate, and may depend upon sample nature (metals, semiconductors, pure elements or alloys…) as well as sample fabrication process (residual stress, microstructure…). The Si-Ge system appears to be an ideal system to investigate diffusion in nanocrystalline layers. Si nanocrystalline layers can be produced by chemical vapour deposition with a high purity and no residual stress. Furthermore, Ge and Si are totally miscible, Ge segregation in Si GBs is negligible, and Ge uses the same vacancy mechanism to diffuse in Si up to 1000°C. Figure 10 presents the Ge diffusion coefficients measured versus temperature in a same polycrystalline Si layer made of 40 nm-wide grains using either a 2D model without considering TJs (open circles) or using a 3D model with TJs (solid circles) [25, 28] . For the 3D simulations, the TJ diffusion coefficient was kept constant and equal to 10 −9 cm 2 s −1 , which is about 10 3 times lower than the Si surface diffusion coefficient in our temperature range. The coefficients are compared with Ge lattice diffusion in Si bulk (broken lines [29] [30] ) and Ge diffusion in Si micro-GBs [28] . With or without considering TJ diffusion, the diffusion coefficients measured in the nano-grains are found to be about one order of magnitude faster than in the Si single crystal (Fig. 10a) . About the same diffusion coefficient is found in the two cases with nano-D g = 1.97×10 −4 exp(−2.92eV/kT) cm 2 s −1 in the grains. Fig. 11 . Ge difusion coefficients mesured in a nanocrystalline poly-Si layer using 3D simulations.
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With the 2D model, the nano-GB diffusion coefficients are found to be about 10 times higher than the micro-GB coefficients. With the 3D geometry, despite that the TJ diffusion coefficient is kept constant for all the different temperatures, one can note that the nano-GB coefficients are found to be close to the values of Ge diffusion in micro-GBs, which is in agreement with experimental measurements performed in different materials, showing that diffusion in nano-GBs is actually similar to diffusion in micro-GBs [31] . Consequently, using a 2D geometry, the GB diffusion in nanocrystalline layers can be overestimated due to the contribution of TJ diffusion, depending on the nano-grain size. Figure 11 presents the Ge diffusion coefficients measured in the Si polycrystalline layer made of 40 nm-wide grains using the 3D Fisher geometry, and imposing in GBs the diffusion coefficient measured in micro-GBs. We found D Tj = 5.72 × 10 4 exp(−3.24 eV/kT) cm 2 s −1 in TJs. Consequently, these results show that enhanced Ge diffusion in nanocrystalline Si is due to the combination of faster lattice diffusion in nano-grains and fast diffusion in TJs [25] . Using the 3D Fisher model, the lattice diffusion and TJ diffusion coefficients were measured simultaneously thanks to the knowledge of the GB diffusion coefficient. Figure 12 presents a summary concerning Ge diffusivity in Si. The Ge diffusion coefficient on the Si(111) surface is from ref. [32] , and the lattice diffusion of Ge in monocrystalline Si is from ref. [29] , the other measurements in 40 nm-wide Si crystal, Si GBs and TJs are the extrapolation of the measurements performed using 3D FES. It is interesting to note that at high temperature the enhanced Ge lattice diffusion coefficient found in Si nano-grains converges to the Ge lattice diffusion coefficient measured in monocrystalline Si. Furthermore, the TJ diffusion coefficient is always lower than the surface diffusion coefficient, and at high temperature these two coefficients are also found to be very close. 
Atom Probe Tomography measurements
In the previous sections we showed that 2D or 3D FES combined with usual 1D experimental concentration measurements can allow diffusion measurements in grains, GBs, and TJs of polycrystals. This method relies on the use of a model that can correctly represent the microstructure of the sample, and sometimes requires the knowledge of some of the diffusion coefficients in the different diffusion paths in the sample (lattice, GBs, TJs). Consequently, the measurements of diffusion coefficients in GBs and TJs, especially in nanocrystalline samples, are indirect. Diffusion coefficient in grains, GBs, and TJs of polycrystals could be obtained via more direct methods if impurity concentration could be accurately measured in grains, GBs, and TJs. This suggests the use of an experimental tool allowing chemical analyses at the atomic scale, since GB width is usually about 0.5 nm. Thus, APT microscopy seems to be the only tool available today providing chemical analyses in the 3 space dimensions (x, y, z) at this requested scale [33] [34] . APT is a destructive technique that allows i) the electric field evaporation of the atoms composing the sample (shaped as a needle) at very low temperature (20 to 80 K) and ii) the 3D "reconstruction" of the volume of the sample at the atomic scale [35] . Using APT, 1D, 2D and 3D atomic distributions of a given atom in a sample can be obtained.
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Recent Advances in Mass Transport in Materials For example, Fig. 13 presents APT measurements performed on a polycrystalline Ni 2 Si(Pt) layer. This layer was obtained by reacting Ni(5%Pt) with Si. The sample was prepared by focused ion beam lift-out with the tip-shaped sample oriented in the direction parallel to the film plane (crosssectional preparation). Only the Ni 2 Si(Pt) layer is shown. The accumulation of Pt atoms in the grain boundaries is clearly observed, revealing the shape and the size of the Ni 2 Si grains. Grain boundaries. APT is an essential tool to obtain three dimensional atomic distributions in materials. In addition, it allows direct measurement of the concentrations without requiring corrections, unlike more conventional techniques as SIMS [36] . It also has a better spatial resolution than SIMS [37] that is affected by collisional mixing effects [36] . It is, thus, particularly adapted to the chemical characterization of GBs [38] [39] [40] [41] [42] . However, APT does have limitations too and it is important to understand how these limitations can affect the measured data in order to ensure a correct interpretation of the results. One point of great importance for the characterization by APT of grain boundaries, or interfaces in general, is the spatial resolution anisotropy. This anisotropy arises from the fact that the resolution along the direction of analysis (z), and the lateral resolution (xy plane -i.e. perpendicular to the direction of analysis) depend on different physical phenomena. In a reconstructed volume, atom positions along the z axis depend solely on the atom ebvaporation order, while the resolution in the xy plane depends on the trajectory of the evaporated ions, which can be affected by irregularities on the tip surface. Indeed, when different phases with different evaporation fields are present at the surface of the sample, local changes in the surface curvature can arise and cause local magnification effects [43] [44] . This has to be taken into account when characterizing interfaces, because interfaces themselves can have a different field of evaporation [45] . It is very important for heterophase interfaces, where the differences in magnification between the two phases can sometimes cause trajectory overlaps [44, 46] and deteriorate the lateral spatial resolution at the interface. In addition to these effects, surface diffusion can also have undesirable effects upon lateral resolution [47] . These effects on the spatial resolution can be observed experimentally. For example, the total analyzed volume of the Ni 2 Si(Pt) film presented in Fig. 13 is shown in Fig. 14 . Only the Pt atoms are shown for clarity. To study how the spatial resolution affects the observed Pt distribution at GBs, concentration profiles were measured across 79 of the observed GBs. The profiles are measured using boxes of 5 × 20 nm² in cross section that are placed perpendicularly to the GBs. Care was taken to avoid overlaps between different GBs or with triple junctions. The left profile (Fig. 15a) is measured across a GB that forms an angle θ = 70.3° with the direction of analysis and the right profile (Fig. 15b) corresponds to a GB oriented with an angle θ = 2.0°. The width of the GB is smaller when the GB forms a high angle with the direction of analysis. It must be noted that the maximum concentration is smaller for the wide GB, showing that the broadening of the GB can not be due to local magnification effects only, because local magnification affects the measured density and leaves the concentrations unchanged. This is evidence that atom mixing occurs at the interface, thereby affecting the spatial resolution. Fig. 15 . Pt concentration profiles measured across two grain boundaries that form an angle (a) θ = 69.0° and (b) θ = 2.0° with the direction of analysis. The concentration profiles are fitted with Gaussian functions, taking into account the differences in concentrations between the two grains.
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In order to verify this effect on GB width, the widths of the GBs are measured using a fit of the concentration profile using a Gaussian distribution. Slightly different Pt concentrations were sometimes measured in two adjacent grains. To account for these differences in concentrations, the profiles are fitted using two functions: the concentration in the grain boundary is fitted using the distribution G(x), while the concentrations in both grains are fitted using a background function E(x) that is the convolution of G(x), and a step function describing the concentration in both grains:
where C max is the maximum value of G(x), µ is the position of the interface, σ is the standard deviation of the Gaussian distribution, erf(x) is the error function, and C 1 and C 2 are the concentrations on the left and the right side of the profile, respectively. The full width at half maximum (FWHM) of the Gaussian distribution is then given by the relation σ ) 2 ln( 2 2 = FWHM . The orientations of the different GBs are measured using two different definitions (Fig. 16) . In one hand, the orientation is simply defined as the angle θ between the GB and the direction of analysis u , and in another hand, it is defined as the angle α between the GB and the normal to the tip surface v at the moment which the atoms in the GB were being evaporated. This direction depends on the position of the GB at the tip surface, but also on the tip's radius of curvature when the GB was being evaporated. Independently of the definition used, it is clear in Fig. 17 that the smaller the angle, the larger the FWHM. Fig. 16 . Schematic of the two angles used to characterize the orientation of the GB. θ is the angle between the GB and the direction of analysis u , and α the angle between the GB and the normal to the tip surface v .
It is obvious that the spatial resolution is generally poorer in the lateral direction. However, the scattering of the data in Fig. 17 is reduced when the angle α with respect to the normal to the tip surface is used (Fig. 17b) , showing that the use of the angle α is more relevant to account for the real mechanisms involved in the spatial resolution. Indeed, after data acquisition, the reconstruction procedure consists in the back-projection of the atoms from where they hit the detector, to a hypothetical hemispherical surface that represents the tip [13, 48] . Thus, the error on the position of an ion that hit the detector (due to local magnification effects, surface diffusion...etc) eventually causes errors in the position of the atom within the surface of that hemispherical surface only, and not in the xy plane. Therefore, the best resolution normal to a GB is obtained when that GB is parallel to the tip surface, and not necessarily to the xy plane. This point should be taken into account when trying to optimize the resolution normal to a GB, or to an interface in general. In the present case, when the best resolution is obtained, the FWHM is equal to 1 nm, which is close the experimental value of GB width measured by TEM (0.5-1 nm), or obtained comparing GB diffusion experiments in B and C kinetic regimes (0.5 nm), and the averaged value usually used (0.5 nm) [1] . Assuming that the spatial resolution along the tip surface is described by a Gaussian distribution of standard deviation ε, the apparent GB width is given by:
where δ is the real GB width. The dotted line in Fig. 17b corresponds to δ' calculated with δ = 1 nm and ε = 3 and 7 nm. The scattering of the data for low angles is likely to be due to local magnification effects that were observed from one grain to another, causing density changes of ± 50% of the average density (not shown here), which corresponds to the magnitude of the scattering of the values of δ'. In summary, the spatial resolution of the APT is not isotropic; the resolution normal to a GB will depend on its orientation and its position on the tip surface during the evaporation. In general, the spatial resolution in a GB is poorer if the GB orientation is parallel to the analysis direction (small θ and α angles). Thus, if the diffusion source is on the surface of the analyzed material, analyzing the material by APT in the top-down direction (i.e. perpendicular to the surface) will have little or no effect on the resolution normal to the surface. In this case, for a 1D concentration profile measured perpendicular to the surface over a representative volume, the measured concentrations will not be affected by the spatial resolution nor local magnification effects, which affect only the measured density. However, this will have consequences when studying the concentration profile across GBs or when trying to measure the concentration in a GB. The spatial resolution is poorer along the tip surface, thus GBs that are perpendicular to the tip surface can be strongly broaden. A poor spatial resolution will cause atoms that are accumulated at the GB to be detected around the GB. If a diffusion field exists around the GB, it might then overlap with these atoms which could lead to 144 Recent Advances in Mass Transport in Materials errors in the estimation of the bulk diffusion coefficient. In a worse case, the atoms around the GB might be interpreted as a real diffusion field, leading to the conclusion that the diffusion in the volume is significant, when the diffusion regime might actually be of type C. Loss in the resolution normal to the GB will also reduce the measured maximum concentration of the segregating specie, leading to errors in the measured segregation factor. It can be noted that it will not affect the value of the Gibbs's interfacial excess [35, 49] which gives the density of atoms per unit area independently of the resolution normal to the GB. However, as we have shown, when a GB is oriented parallel to the tip surface, the spatial resolution is good enough so that the contributions from the GB and the bulk of the grain can be clearly separated, and concentrations can be measured more accurately. This shows that, when accurate local concentrations are needed, analysis perpendicular to the GBs of interest are preferable, or, for example, analysis parallel to the plane of the film in the case of columnar grains. Diffusion profiles. Fig. 18 shows schematically a sample that has been analyzed by APT. A 40 nmthick Ni layer was deposited on a Si substrate, and capped with a 5 nm-thick Pt layer. After annealing (~250°C) Ni has reacted with Si to form the compound Ni 2 Si that is polycrystalline. Because of the limited amount of Ni, eventually the poly-Ni 2 Si layer stopped growing and its thickness stayed constant during the rest of the annealing. Pt atoms could be incorporated in the Ni 2 Si film during Ni-Si reaction, but once Ni 2 Si stopped growing, Pt atoms could diffuse through the Ni 2 Si to reach the substrate, and Si atoms could diffuse through Ni 2 Si to the Pt source layer. Fig. 18 . Schematic of the sample: before annealing and after reaction between the Pt and Ni layers with the Si substrate. Figure 19 presents APT measurements performed in this sample. The direction of analysis is perpendicular to the film surface. Fig. 19a corresponds to a 2D mapping of the Pt concentration at a given depth in the poly-Ni 2 Si layer. We can observe that Pt concentration is higher in GBs than in grains, and that the Pt content of TJs is higher than the Pt content of GBs. The grains have a rectangular shape, and correspond to the lower height with a blue color (< 1 at. %). The GBs are forming lines between grains with an intermediate height and a lighter blue color (3-4 at. %), and the triple junctions correspond to the intersections of the GBs with a color between yellow and red (5-6 at. %), similar to the model presented in Fig. 9 .
Defect and Diffusion Forum Vol. 322 145 Figure 19b presents 1D profiles measured along the red line in Fig. 19a . As expected, Ni and Si concentrations are quite constant and correspond to the stoechiometry of the Ni 2 Si compound. In contrast, the Pt distribution is not homogeneous in grains and GBs, with a concentration close to 1 at. % in the grains, and between 3.5 and 5 at. % in GBs. These variations are in agreement with a faster Pt diffusion in GBs than in grains. Thanks to the APT profile through grains and GBs, the ratio between atom concentration in grains and in GBs can be determined, which can be very useful in order to study atom segregation in GBs. In our case, we measured an averaged ratio C gb /C g ~ 8 for Pt atoms. Figure 20a presents the top view of the 3D distribution of Pt atom in the Ni 2 Si layer. Each blue point is a Pt atom. Here also it is clear that the concentration of Pt atoms is greater in GBs than in grains. The shape and the size of the grains are also easily determined from the APT data. The cylinder presented in this figure corresponds to the volume in which the 1D profiles presented in Fig. 20b have been calculated. As shown in the Fig. 20a , the cylinder has been aligned along a GB, passing through i) the grain #1, ii) a first TJ, iii) the GB, iv) another TJ, and finally v) the grain #2. The Pt concentration profile presented in Fig. 20b shows that at a same depth, the Pt concentration is higher in TJs than in GBs. This is in agreement with a faster diffusion in TJs than in GBs as it has been previously concluded using analytical models [49] . Thanks to this profile, the ratio between the impurity concentration in grains or GBs and TJs can be determined. We found in our case the averaged ratios C Tj /C gb ~ 1.82 and C Tj /C g ~ 7.6. It is interesting to note that in our sample C gb /C g ~ C Tj /C g . (001) substrate. Thus, the Pt concentration in the different part of the sample can result from both incorporation during Ni-Si reaction and diffusion after this reaction. For example, due to the low annealing temperature, the Pt profile in the grain can be interpreted as resulting from Pt incorporation during reaction. In the GB the Pt concentration forms a small gradient, but the Pt concentration is flat in the TJ, which is consistent with a faster TJ diffusion compared to GB diffusion. 
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In type C controlled diffusion experiments, these types of profiles compared with FES or diffusion analytical solutions should permit to measure in polycrystals the diffusion coefficients in GBs and TJs independently. However, as it was shown previously, both the dimension of the GBs and the concentration can be affected by APT artifacts. In the future, it will be important to imagine some procedures ensuring that their effects are negligible on the diffusion coefficient measurements. Furthermore, APT measurements are extremely local, leading to a low statistic. For example, GB diffusion may vary with GB orientation, thus, the diffusion coefficient measured in a specific GB may not correspond to the diffusion coefficient averaged over many GBs, as measured using more global techniques as SIMS. A comparison between coefficient measurements obtained in a same sample either using 3D FES and 1D SIMS profiles (important statistic) or using 3D FES and APT measurements should provide information about the homogeneity of the sample.
Summary
Original methods allowing for the measurement of diffusion coefficients in polycrystalline and nanocrystalline layers have been presented and discussed. The first method consists of comparing usual 1D concentration profiles measured before and after sample annealing to 2D or 3D simulations in order to extract the averaged diffusion coefficients in grains, GBs, and TJs. For example, thanks to this method, it has been shown that Ge diffusion in Si nano-grains is faster than in Si monocrystal, Ge diffusion in Si nano-GBs is similar to diffusion in mico-GBs, and Ge diffusion in Si TJs is faster than in GBs. The second method uses the comparison between simulations and APT measurements. APT can promote direct measurement of diffusion coefficients as well as segregation coefficients in GBs and TJs, since it allows the impurity concentration in these defects to be measured at the atomic scale. Of course, as for any experimental technique, the results can be affected by experimental artifacts, as those linked to the APT spatial resolution in our case. This is why it will be necessary to confirm the validity of diffusion coefficients measured by APT, using comparisons with the usual techniques. Even so, it is interesting to note that when the analysis conditions are optimized, spatial resolution close to the GB width itself can be obtained.
